A combined physical and genetic map of the cyanobacterium Synechocystis sp. strain PCC 6803 chromosome was constructed. An estimated genome size of 3.82 Mb was obtained by summing the sizes of 25 MluI or 40 NotI fragments seen by pulsed-field electrophoresis. The order of the restriction fragments was determined by using two independent experimental approaches: pulsed-field fragment hybridization and linking clone analysis. The relative positions of 30 known genes or gene clusters were localized.
Cyanobacteria harbor an oxygen-evolving photosynthetic apparatus that is essentially identical to that of chloroplasts in plants and algae. These prokaryotes with photosynthesis provide a simple cellular model for the study of photosynthetic processes. In recent years, cyanobacteria have been widely used to investigate the structural and functional aspects of oxygenic photosynthesis. Several strains of unicellular cyanobacteria, including Synechocystis sp. strain PCC 6803 (3, 35, 53) , Synechococcus sp. strain PCC 7942 (26, 42) , and Synechococcus sp. strain PCC 7002 (4, 6, 17) , have been used in these investigations. Ancient cyanobacteria have been suggested to be the progenitors of higher plant chloroplasts (18) . Since the complete sequences of some chloroplast DNAs are known (22, 33, 48) , it is possible to compare the genetic organizations of chloroplast and cyanobacterial DNAs.
As a unicellular and facultatively heterotrophic cyanobacterium, Synechocystis sp. strain PCC 6803 is particularly well suited for investigations of oxygenic photosynthesis and the isolation of mutants impaired in photosynthesis but growing on glucose as the sole carbon source (49) . In addition, the ease of growth in culture, the naturally occurring gene transfer system (19) , and the possibility of extracting intact chromosomal DNA (44) make this microorganism a good candidate for chromosome mapping.
Analysis by pulsed-field gel electrophoresis (PFGE) has been useful for obtaining relevant information on genome size, characterizing various strains at the DNA level (20) , following the genetic history of a particular strain (27) , constructing physical and genetic maps of bacterial chromosomes (e.g., references 1, 7, 10, and 25), and studying chromosomal dynamics among bacteria (12) . In this paper, we describe the use of PFGE to construct a physical map of the Synechocystis sp. strain PCC 6803 chromosome and to localize the positions of genes or gene clusters on this map.
The cyanobacterium Synechocystis sp. strain PCC 6803 was grown in BG-11 medium (41), supplemented with 0.5% glucose, at 30ЊC and 2,000 lx. Cells were harvested at the log phase (5 ϫ 10 8 to 1 ϫ 10 9 cells ml
Ϫ1
) and used to prepare chromosomal DNA for restriction digestions. Standard methods were used to manipulate DNA within Escherichia coli cells (30) .
Cyanobacterial cells were harvested by centrifugation at 10,000 ϫ g. The cell pellet was washed three times with 0.05 M EDTA (pH 8.0) and resuspended to a final concentration of 2 ϫ 10 10 cells per ml. Lysozyme was added to the cell suspension at a final concentration of 10 mg ml
. The suspension was incubated at 37ЊC for 2 h. An equal volume of 1% low-meltingpoint agarose (Sigma, St. Louis, Mo.) in 0.05 M EDTA was added to the cell suspension. The mixture was maintained at 44ЊC for several minutes. The completely mixed solution was then poured into a precooled form and kept at 4ЊC until the agarose solidified. After that, the agarose was sliced. Slices, totaling 2 ml of the original agarose-cell mixture, were suspended in 10 ml of lysis buffer (0. ) and incubated at 55ЊC until they appeared yellow (24 to 72 h). The slices were finally washed several times in 1ϫ TE (10 mM Tris-HCl, 1 mM EDTA [pH 8.0]) and kept in 0.5 M EDTA (pH 8.0) at 4ЊC. DNA in agarose slices was digested with restriction enzymes MluI and NotI (Amersham International, Little Chalfont, England) as follows. Gel slices were washed with 1ϫ TE containing 1 mM phenylmethylsulfonyl fluoride two times for 30 min each at room temperature and then with 1ϫ TE three times for 30 min each, gel slices were equilibrated in 500 l of restriction endonuclease buffer per slice at room temperature for 30 min, the buffer was replaced by a 200-l reaction mixture volume containing 20 U of restriction endonuclease, and the DNA was digested overnight at 37ЊC. After digestion, the buffer was removed, and slices were equilibrated with TBE buffer (89 mM Tris, 89 mM boric acid [pH 8.0], 2 mM EDTA) for at least 20 min prior to electrophoresis.
PFGE was performed with a CHEF (contour-clamped homogeneous field electrophoresis) system (Bio-Rad Laboratories, Richmond, Calif.). Standard running conditions were as follows: 24 h, 0.5ϫ TBE buffer, 1% agarose (Carl Roth GmbH, Karlsruhe, Germany), a running temperature of 14ЊC, a field strength of 6 V/cm, and a gradual change of switching intervals from 1 to 30 s. To resolve restriction fragments of between 5 and 30 kb, a gradual change of switching intervals from 0.1 to 0.5 s was used. After electrophoresis, gels were stained with ethidium bromide and photographed with ORWO film (Wolfen, Germany). DNA fragments from pulsed-field gels were transferred onto Hybond-N nylon membranes (Amersham International) by standard capillary transfer (30) and hybridized with 0.5 ϫ 10 6 to 1.5 ϫ 10 6 cpm of randomly labeled probe per ml as recommended by the manufacturer. Filters were exposed to Amersham X-ray film for 1 to 72 h.
Of several restriction enzymes that were tested (44), only MluI and NotI gave a sufficiently small number of evenly distributed fragments that could be separated efficiently by PFGE. These two enzymes were used to digest DNA from Synechocystis sp. strain PCC 6803, and the resulting fragments were labeled in order of descending size (Table 1) . Representative separations by PFGE obtained with MluI and NotI digests are presented in Fig. 1 . The sizes of the restriction fragments were determined from gels run for different pulse times by comparison with lambda concatemers as size standards. Conventional electrophoresis was used to measure the sizes of fragments smaller than 30 kb. The sum of the sizes of all fragments should represent the size of the chromosome, and there was good agreement between chromosome sizes determined from MluI and NotI digests, 3,780 and 3,856 kb, respec- tively (Table 1) , resulting in an average value of 3,820 kb for the chromosome of Synechocystis sp. strain PCC 6803. This size is close to that estimated from reassociation kinetics (21) . So far, physical maps have been established for the chromosomes of only two cyanobacterial strains: Anabaena sp. strain PCC 7120 (1) and Synechococcus sp. strain PCC 7002 (10) . The Synechocystis sp. strain PCC 6803 chromosome is significantly larger than that of Synechococcus sp. strain PCC 7002 (2.7 Mb) and smaller than that of Anabaena sp. strain PCC 7120 (6.37 Mb).
Construction of the physical map of Synechocystis sp. strain PCC 6803. The following methods were combined to order the fragments of the restriction enzyme digests to produce a physical map: (i) cross-hybridization with isolated fragments generated by restriction endonuclease digestion of the Synechocystis sp. strain PCC 6803 chromosome and (ii) hybridization with linking clones.
(i) Cross-hybridization with fragments generated by restriction endonuclease digestion. The restriction fragments were initially ordered by using each of the MluI fragments and selected NotI fragments to probe blots of chromosomal DNA digested with MluI or NotI. A single MluI or NotI fragment used as a probe should produce a single band when hybridized against a filter carrying fragments of a digest produced by the same enzyme but should produce one or more bands when hybridized to a digest produced by the other restriction enzyme. Figure 2 , which shows the hybridization of labeled fragment NQ to DNA digested with MluI or NotI, is representative of the data derived from fragment hybridization to PFGE filters. The cross-hybridizations deduced from this and similar blots are summarized in Table 2 .
(ii) Hybridization with linking clones. Adjacent restriction fragments can be identified by probing with DNA that spans the junction between the two fragments. Linking cosmids used as probes were obtained by taking advantage of the fact that they must contain an internal MluI or NotI site. A gene library of Synechocystis sp. strain PCC 6803 in cosmid vector Lorist6 (16) described by Shestopalov et al. (47) was used as a source of cosmids that link two adjacent restriction fragments. Such cosmids were identified by screening the library for hybridization to cloned DNA from the ends of MluI or NotI fragments. These end fragments were cloned as follows. Total cosmid DNA was pooled and digested with MluI and either BamHI, HindIII, or XbaI. The resulting restriction fragments were cloned into pUCBM20 (Boehringer Mannheim, Mannheim, Germany) linearized by digestion with MluI and, as appropriate, BamHI, HindIII, or XbaI. To clone NotI ends, total cosmid DNA was pooled, digested with NotI, diluted, and recircularized, in order to connect the NotI site within the polylinker of Lorist6 with any internal NotI site that may lie in the cosmid insert. After transformation of E. coli, cosmid DNA was isolated en masse and digested with NotI and either BamHI, HindIII, or XbaI. The resulting restriction fragments were cloned into pBluescript KSϩ (Stratagene Cloning Systems, La Jolla, Calif.) linearized by digestion with NotI and, as appropriate, either BamHI, HindIII, or XbaI. Recombinants confirmed to carry end fragments, i.e., inserts bounded at one end by a NotI or MluI site, were pooled, labeled, and used to screen the cosmid library.
Each linking cosmid was used to probe blots of chromosomal DNA digested with MluI or NotI. Figure 3 shows as a representative example clone I-F11 hybridizing to MF-MG and NF-NH fragments, indicating that these fragments are linked. The results of many such hybridizations are summarized in Table 3 . The data from hybridization of linking clones with MluI and NotI fragments confirmed the data obtained from cross-hybridization ( Table 2 ). The physical map of the chromosome of Synechocystis sp. strain PCC 6803 that was constructed from the combined data is shown in Fig. 4 .
The 25 MluI fragments found in the genome of Synechocystis sp. strain PCC 6803 ranged in size from 870 to 16 kb. Only bands MF (175 kb), ML (96 kb), and MS (16 kb) contained more than one restriction fragment ( Table 1) . Digestion of the chromosomal DNA with NotI gave 40 fragments, ranging in size from 418 to 6 kb. Mapping of the NotI sites was more complicated, since six bands contained more than one fragment (Table 1) . Cross-hybridization and hybridization with linking clones were used to assign the order of the bands containing two or three fragments. For example, band NQ hybridized to three different MluI fragments (Fig. 2 ) and on this basis was deduced to contain at least two different NotI fragments. We could exactly determine the number and the locations of these fragments on the physical map of Synechocystis sp. strain PCC 6803 after hybridization with linking clones.
Construction of a genetic map of Synechocystis sp. strain PCC 6803. Thirty previously identified genes and gene clusters were localized on the physical map of Synechocystis sp. strain PCC 6803 by probing chromosomal digests with available cloned genes. The various gene probes used for this purpose are listed in Table 4 . Hybridization of these probes to specific MluI and NotI fragments (not shown) permitted unambiguous localization of the positions of the genes on the physical map of Synechocystis sp. strain PCC 6803 (Fig. 4) . In addition to these, other genes may be placed on the map by taking into account linkages already reported. Genes psbN, petA, and petC must be located near psbH (31) . Similarly, psbL and psbJ must lie near psbEF (29) .
Synechocystis sp. strain PCC 6803 contains several cryptic plasmids of about 2.2 and 5.2 kb and two large plasmids of about 50 and 100 kb (8, 14, 38) . These plasmids were not visible in the gel after PFGE, probably because their abundance relative to chromosomal DNA is very low (38) .
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rrnA and rrnB. rrnA and rrnB are separated by about 150 kb, a distance comparable to that found in the Synechococcus sp. strain PCC 7002 genome. Four rRNA gene operons were reported to occur in the genome of the cyanobacterium Anabaena sp. strain PCC 7120 (28) . Those four operons lie on two different regions of Anabaena sp. strain PCC 7120 chromosome, which are located on opposite sites of the genome (1). We do not yet know if the repeated sequence detected by the rrn probe extends beyond the rrn operon, nor do we know the orientation of the repeat, direct or inverted. The inverted repeat region found in most higher plant chloroplasts contains rrn operons and is considered to stabilize the genome and to prevent excessive rearrangement (36) . The order of genes in the chromosomal map of Synechocystis sp. strain PCC 6803 shows some similarity to those of chloroplasts. In the large single-copy region of the tobacco, rice, and liverwort chloroplast genomes, the gene order is psbH, psbB, psbEF, ORF184(ORF185), ndhCKJ, rbcL, IRF168 (tobacco) or IRF170 (rice) or ORF167 (liverwort), psaAB, psbC, psbD, psbI, psbK, psbA (22, 33, 48) . In Synechocystis sp. strain PCC 6803, the gene order is psbB, psbD1C, ndhCKJ, ORF173, psbH, psaAB, psbD2, psbK (or psbEF), psbEF (or psbK), ORF184, psbA2, psbA3. Interestingly, we can identify the same order of certain genes in the Synechocystis sp. strain PCC 6803 and chloroplast genomes: psbB, ndhCKJ, ORF173, psaAB, psbD (psbD2), psbK, psbA (psbA2,3). Only some rearrangements would be necessary to reproduce identical orders. In Synechococcus sp. strain PCC 7002, operon psbD1C was located between rrnA and rrnB (10) . In Synechocystis sp. strain PCC 6803, psbD1C maps distant from the rRNA genes. Instead, operon ndhAIGE is located between rrnA and rrnB. This is similar to the situation in chloroplast DNA. It is known that operon ndhAIGE is located in the small single-copy region between the repeats containing rRNA genes of the tobacco (48), rice (22) , and liverwort (33) chloroplast genomes. In contrast, the gene orders of Anabaena sp. strain PCC 7120 (1), Synechococcus sp. strain PCC 7002 (10), and Synechocystis sp. strain PCC 6803 are quite dissimilar.
Organization of members of the psbA gene family in the Synechocystis sp. strain PCC 6803 chromosome appears to be interesting. Expression of two different forms of protein D1, encoded by psbA gene families, is a unique cyanobacterial characteristic not observed in chloroplasts of higher plants. Synechococcus sp. strain PCC 7002 (3, 17) and Synechocystis sp. strain PCC 6803 (24) possess three psbA genes, whereas Anabaena sp. strain PCC 7120 has four psbA genes (55) . In the (10) . The same is true in the case of Synechocystis sp. strain PCC 6803 for the genes encoding the PSI and PSII complexes. It was published previously that some of the genes encoding NADH-plastoquinone oxidoreductase subunits are clustered in the chromosome of Synechocystis sp. strain PCC 6803 (15, 52) . We report here that these genes and gene clusters are spread over the whole chromosome of Synechocystis sp. strain PCC 6803 (Fig. 4) .
In conclusion, the comparison of genetic maps of three different strains indicates a great genetic diversity among cyanobacteria: not only the chromosome sizes but also the gene orders of Synechocystis sp. strain PCC 6803, Anabaena sp. strain PCC 7120 (1), and Synechococcus sp. strain PCC 7002 (10) are quite dissimilar.
